Hall effects on steady hydromagnetic Couette flow of class-II of a viscous, incompressible and electrically conducting fluid with non-conducting walls in a rotating system in the presence of an inclined magnetic field is investigated. Exact solution of the governing equations is obtained in closed form. Expressions for the shear stress at the moving plate due to primary and secondary flows and mass flow rates in the primary and secondary flow directions are also derived. Asymptotic behavior of the solution for velocity and induced magnetic field is analyzed, for small and large values of rotation parameter 
Introduction
Theoretical /experimental investigation of fluid flow in a rotating environment is of much significance due to occurrence of various natural phenomena and its application in various technological situations which are directly governed by the action of Coriolis force. The broad subject of oceanography, meteorology, atmospheric science and limnology contain some important and essential features of rotating fluids. Large scale circulation in the atmosphere and oceans, construction of turbines and other centrifugal machines are some of the areas of application of rotating fluids. Rotating fluids have an intrinsic stability in the sense that if a fluid particle is displaced from its equilibrium position of the rigid body rotation, the Coriolis force acts as a restoring force. The current interest in the study of magnetohydrodynamics of rotating fluids is motivated by several important problems, namely, maintenance and secular variations of the earth's magnetic field, the internal rotation rate of the sun, the structure of rotating magnetic stars, the planetary and solar dynamo problems and centrifugal machines (rotating hydromagnetic generator, rotating-drum separators for liquid-metal MHD applications etc).
The problem of MHD Couette flow of an electrically conducting fluid in a rotating system in the presence of a magnetic field is investigated by many scientists and engineers due to its varied and wide applications in the areas of geophysics, astrophysics and fluid engineering viz. in the design of nuclear power reactors, heat exchangers utilizing liquid metal coolant, MHD power generators, MHD pumps, MHD accelerators, underground water energy storage system etc. It is well known that the theory of Couette flow is used for the measurement of viscosity and estimating drag force in many wall driven devices. There exist two types of problems in science and engineering when a vast expanse of fluid is bounded by a solid body e.g. plate (Batchelor, 1988) which are mentioned below. Fluid flow of Type-I: Fluid flow induced by movement of a plate when the fluid at infinity i.e. fluid outside the boundary layer region, is stationary. Schematic diagram of fluid flow of Type-I is mentioned in Figure 1a . Fluid flow of Type-II: Fluid flows past a stationary plate which is induced due to movement of fluid at infinity i.e. fluid outside the boundary layer region. The fluid outside the boundary layer region is called free stream and velocity related to it is called free stream velocity. Schematic diagram of fluid flow of Type-II is mentioned in Figure 1b .
Taking into account the nature of the above mentioned fluid flows we are of opinion that there are two types of MHD Couette flow Mazumder (1991) initiated the study of unsteady hydrodynamic Couette flow of class-II in a rotating system. Subsequently this problem is investigated by Ganapathy (1994) and Das et al (2008) by considering different aspects of the problem. Chandran et al. (1993) , Singh et al. (1994) , Guchhait et al. (2011) and Jha and Apere (2011) studied MHD Couette flow of class-I in a rotating system whereas Singh(2000) , Hayat et al. (2004a Hayat et al. ( , 2004b , Seth and Singh (2012) and Prasad and Kumar (2012) investigated MHD Couette flow of class-II in a rotating system in the presence of a transverse magnetic field by considering different aspects of the problem. In all these investigations on MHD Couette flow, induced magnetic field produced by fluid motion is negligible in comparison to the applied magnetic field. This assumption is valid because magnetic Reynolds number is very small for metallic liquids and partially ionized fluids (Cramer and Pai, 1973) . Although for the problems of geophysical and astrophysical interest and in so many MHD devices viz. MHD power generators, MHD pumps, plasma flow in accelerators etc magnetic Reynolds number is not very small so induced magnetic field cannot be neglected. It plays an important role in determining the flow features of such fluid flow problems. Keeping in view of this fact Jana et al. (1977) studied MHD Couette flow of class-I of a viscous, incompressible and electrically conducting fluid in a rotating system in the presence of a uniform transverse magnetic field taking induced magnetic field into account when the stationary plate of the channel is perfectly conducting and the moving plate of the channel is electrically non-conducting. Seth and Maiti (1982) considered this problem when both plates of the channel are electrically non-conducting. investigated MHD Couette flow of class-II of a viscous, incompressible and electrically conducting fluid in a rotating system in the presence of a uniform transverse magnetic field taking induced magnetic field into account when plates of the channel are electrically non-conducting and are heated / cooled asymmetrically whereas studied this problem when the stationary plate of the channel is perfectly conducting and the moving plate of the channel is electrically nonconducting. In all these investigations, magnetic field is applied parallel to the axis of rotation. However, magnetic field may be inclined in certain problems of geophysical and astrophysical interest and fluid engineering e.g. in MHD power generator and magnetic material processing flow control magnetic field may act obliquely to the flow. Keeping in view of this fact, Guria et al. (2009 ), Bég et al. (2010 , and Chauhan and Agrawal (2012) , studied MHD Couette flow of class-I of a viscous, incompressible and electrically conducting fluid in a rotating system in the presence of an inclined magnetic field. It is worthy to note that, in an ionized fluid, where density is low and/or magnetic field is strong the effects of Hall current become significant as mentioned by Sutton and Sherman (1965) . Both Hall current and rotation induce secondary flow in the fluid. Therefore, it seems to be important to compare and contrast the effects of these two agencies and also to study their combined effects. Hall current and rotation are likely to be important in many engineering applications viz. MHD power generators, MHD pumps and plasma flow in accelerators, geophysical and astrophysical problems of interest as well as in flows of plasmas in laboratory. Sherman and Sutton (1962) considered the effects of Hall current on the efficiency of MHD power generator. Taking into consideration the importance of such study Chauhan and Agrawal (2012) , studied the effects of Hall current on steady MHD Couette flow of class-I in a rotating system in the presence of a uniform inclined magnetic field taking induced magnetic field into account.
Aim of the present investigation is to study the effects of Hall current on the problem studied by in the presence of an inclined magnetic field. The significance of such fluid problems lies in the behavior of an inclined magnetic field subject to interplay of magnetic and Coriolis forces taking into account the effects of Hall current. Such an investigation has to the authors' knowledge thus far not received attention, despite its important applications in some MHD devices e.g. in rotating hybrid MHD energy generators (Bég et al., 2010) .
Formulation of the Problem and its Solution
Consider steady Couette flow of a viscous, incompressible and electrically conducting fluid between electrically non-conducting parallel plates 0 = z and 
The assumptions of q r and B r are compatible with the fundamental equations of magnetohydrodynamics in a rotating frame of reference. Since walls of the channel are considered electrically non-conducting so the boundary conditions for induced magnetic field are 0
Equation (4) shows that modified pressure p is independent of , z so the values of pressure gradient terms 1 p x ρ ∂ − ∂ and
which are present in the equations (2) and (3), are either evaluated by using boundary conditions for the fluid velocity and induced magnetic field at the stationary plate i.e. boundary conditions (7a) and (8a) or the boundary conditions for the fluid velocity and induced magnetic field at the moving plate i.e. boundary conditions (7b) and (8b). Using boundary conditions (7a) and (8a) in equations (2) and (3), we obtain
Using boundary conditions (7b) and (8b) in equations (2) and (3), we obtain (2) to (6) reduce to those equations which are obtained by . Our problem belongs to MHD Couette of class II. Therefore, equations (2) and (3) with the use of equation (9b) 
( 1 2 ) the equations (5), (6), (10) and (11), in dimensionless form, become 
is rotation parameter, which is reciprocal of Ekmann number, 
( 1 8 ) Combining equations (13) and (15) with (14) and (16) 
where
The boundary conditions (17) and (18) in compact form become , 1 at 1 ;
( 2 2 ) Solution of equations (19) and (20) subject to the boundary conditions (21) and (22) is given by
where 
Particular Solutions
We shall now derive few particular solutions from general solution (23) 
where , (23) to (25) 
This solution is in agreement with the solution obtained by . ( 3 5 )
Shear stress at the plates

Mass flow rates
Dimensionless mass flow rates x Q and y Q in the primary and secondary flow directions respectively are given by
( 3 6 )
Asymptotic Solutions
In order to gain some physical insight into the flow pattern, we shall now discuss asymptotic behavior of solution given by equations (23) 
It is evident from the expressions (37) to (40) that in a slowly rotating system when the conductivity of the fluid is low primary velocity ( ) u η is independent of rotation and secondary velocity ( ) v η , primary induced magnetic field ( ) 
It is evident from the equations (41) 
Expressions in (46a) and (46b) demonstrate that, in the central core region, fluid flows in the primary flow direction only whereas induced magnetic fields persist in both the primary and secondary flow directions and vary linearly withη .
In this case also boundary layer type flow is expected. For the boundary layer flow near the stationary plate 0 η = , we obtain the components of velocity and induced magnetic field from the equations (23) to (25) 
It is revealed from the expressions (47) to (51) 
Expressions in (52a) to (52c) show that, in the central core region, fluid velocities and induced magnetic fields persist in both the directions and are affected by Hall current, magnetic field, rotation and angle of inclination of magnetic field. It was noticed that in the absence of Hall current and angle of inclination of magnetic field, the results obtained in cases I to III are in agreement with the results obtained by .
Heat Transfer Characteristics
We shall now discuss heat transfer characteristics of this fluid flow problem when the stationary and moving plates of the channel are maintained at uniform temperatures 0 T and 1 T respectively, where
T being the fluid temperature. Energy equation taking viscous and Joule dissipations into account is given by
where * α and p C are thermal diffusivity and specific heat at constant pressure respectively.
Boundary conditions for the temperature field are . at ' and 0 at ' 
Results and discussion
Effects of magnetic field and rotation on hydromagnetic Couette flow of class-II of a viscous, incompressible and electrically conducting fluid in a rotating system with electrically non-conducting walls in the presence of a uniform transverse magnetic field is investigated by . To study the effects of Hall current and angle of inclination of magnetic field on flowfield, the numerical values of primary and secondary fluid velocities and primary and secondary induced magnetic fields, computed from analytical solution (23) 20 and rotation parameter 3. M K = =It is evident from figure 2 that the primary velocity u increases in the upper half of the channel and decreases in the lower half of the channel whereas secondary velocity v decreases in the upper half of the channel and increases in the lower half of the channel on increasing m which implies that Hall current tends to accelerate fluid flow in the primary flow direction in the upper half of the channel and it tends to retard fluid flow in the primary flow direction in the lower half of the channel whereas it has reverse effect on the fluid flow in secondary flow direction. It may be noted that, in general, in MHD Couette flow of class-I, Hall current tends to induce cross flow i.e. secondary flow by suppressing primary flow. However, above trend which is observed in figure 2 is different than the trend observed in MHD Couette flow of class-I. This is due to reason that the effect of non-zero pressure gradient term, which is given by equation (9b), is considered in this fluid flow problem. It was noticed from figure 3 that primary velocity u increases in the upper half of the channel and decreases in the lower half of the channel whereas secondary velocity v increases throughout the channel on increasing θ which implies that the angle of inclination of magnetic field tends to accelerate fluid flow in the primary flow direction in the upper half of the channel and it has reverse effect on the fluid flow in the primary flow direction in the lower half of the channel. Angle of inclination of magnetic field tends to accelerate fluid flow in the secondary flow direction throughout the channel. It is seen from figure 4 that primary induced magnetic field x b decreases whereas secondary induced magnetic field y b increases on increasing m which implies that Hall current tends to reduce primary induced magnetic field whereas it has reverse effect on secondary induced magnetic field. It is evident from figure 5 that both the primary and secondary induced magnetic fields decrease on increasing θ which implies that angle of inclination of magnetic field tends to reduce both the primary and secondary induced magnetic fields. The numerical values of primary and secondary shear stress at the moving plate and that of primary and secondary mass flow rates, computed from the analytical expressions (35) This implies that angle of inclination of magnetic field tends to enhance both the primary and secondary mass flow rates. The effects of Hall current and angle of inclination of magnetic field, which are observed in figures 2 to 7, are due to presence of non-zero pressure gradient term in the governig equations for fluid flow problem. It is noticed from equations (5), (6), (10) 
Conclusion
The present investigation deals with the theoretical study of Hall effects on hydromagnetic Couette flow of class-II in a rotating system in the presence of an inclined magnetic field with asymmetric heating /cooling of the walls. The significant results are summerized below (i) Hall current tends to accelerate fluid flow in the primary flow direction in the upper half of the channel and it tends to retard fluid flow in the primary flow direction in the lower half of the channel whereas it has reverse effect on the fluid flow in secondary flow direction.
(ii)
Angle of inclination of magnetic field tends to accelerate fluid flow in the primary flow direction in the upper half of the channel and it has reverse effect on the fluid flow in the primary flow direction in the lower half of the channel. Angle of inclination of magnetic field tends to accelerate fluid flow in the secondary flow direction throughout the channel.
(iii) Hall current tends to reduce primary induced magnetic field whereas it has reverse effect on secondary induced magnetic field.
(iv)
Angle of inclination of magnetic field tends to reduce both the primary and secondary induced magnetic fields. (vii) Angle of inclination of magnetic field tends to enhance both the primary and secondary mass flow rates.
(viii) Angle of inclination of magnetic field tends to reduce rate of heat transfer at both the stationary and moving plates. Hall current tends to reduce rate of heat transfer at the moving plate of the channel and it tends to reduce rate of heat transfer at the stationary plate of the channel when . 4 π θ ≤ Present investigation will help to find the angle(s) at which the system gives the best performance with respect to the maximum and minimum values of major quantities viz. magnetic field, Hall current and rotation by using an optimization technique, namely, Genatic Algorithm Technique. This will be a topic of research in the future.
